A PVC-based membrane electrode for thallium(I) ions based on 1, 21,23,25-tetramethyl-2,20: 3,19-dimetheno-[H, 2] , and a detection limit 5.0 × 10 −6 M. It has a very fast response time of <10 s and can be used for at least ten weeks without a considerable divergence in potentials. This electrode revealed comparatively good selectivity with respect to alkali, alkaline earth, and some transition and heavy metal ions and was effective in a pH range of 2.0-10.0. It was used as an indicator electrode in potentiometric titration of thallium ion with sulfide ion.
Introduction
Thallium is toxic, especially as its monovalent cation. From the environmental and biological viewpoints, soluble univalent thallium compounds, e.g., thallium(I) sulfate, acetate and carbonate are very toxic because they are easily absorbed into the human body by skin contact or ingestion. 1 Thallium poisoning in the human body has to be checked quickly by analyzing urine and blood samples. Atomic absorption spectroscopy and polarography have already been recommended for the thallium(I) assay. A more compact instrumentation for the thallium(I) assay in human body fluids is the thallium(I)-selective membrane electrode.
Ion-selective electrodes based on ionophores are well established for many inorganic cations and anions. During the last two decades, a large number of ionophores, especially a wide variety of neutral macrocyclic polyethers, has been developed and found widespread applications in potentiometric and optical sensors for the determination of respective ions in real samples. 2 The design and function of synthetic ionophores for ion-selective electrodes are based on such diverse parameters as the structure and cavity size of the ligand, the stability and selectivity of its metal ion complex, its solubility and the ability to extract the metal ion into membrane phase.
Crown ether and calix [4] aren derivatives have been tested as thallium(I)-neutral carriers for ion-selective electrodes, [3] [4] [5] [6] [7] [8] [9] [10] [11] [12] and the resulting thallium(I)-selective electrodes gave good results. However, since crown ethers and calix [4] arens generally have a high affinity for alkali-metal ions and in some cases silver, these thallium(I) electrodes suffer from severe interference by Na In the present study, we wish to introduce a novel thallium(I) electrode by incorporation of a podal ligand as a suitable neutral ionophore for fast monitoring of thallium ion.
Experimental Section
Reagents. Reagent grade benzyl acetate (BA), dibuthyl phthalate (DBP), dioctyl phthalate (DOP), potassium tetrakis (p-chlorophenyl)borate (KTpClPB), sodium tetraphenyl borate (NaTPB), tetrahydrofuran (THF), and high relative molecular weight PVC (all from Merck) were used as received. The nitrate and chloride salts of all cations used (all from Merck) were of the highest purity available and were used without any further purification except for vacuum drying over P 2 O 5 . Doubly distilled de-ionized water was used throughout the experiment.
Synthesis of podal ligand. 
Results and Discussion
At first, II was used as a neutral carrier to prepare PVCbased membrane electrodes for a variety of metal ions, including alkali, alkaline earth, transition and heavy metal ions. The potential responses of various ion-selective electrodes based on II are shown in Figure 1(a and b) . As seen, among different cations tested, thallium(I) with the most sensitive response seems to be suitably determined with the PVC 
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;=Q 3E î+J membrane based on II. This is probably due to both the selective behavior of the ionophore against thallium(I) in comparison with other metal ions and the rapid exchange kinetics of the resulting II-Tl(I) complex.
Some important features of the PVC membranes, such as the properties of the plasticizer, the plasticizer/PVC ratio, the nature and amount of ionophore, and especially the nature and amount of the additives used, are reported to significantly influence the sensitivity and selectivity of the ionselective electrodes. [13] [14] [15] [16] [17] [18] [19] [20] [21] Thus, several membranes of various plasticizer/PVC/II/ additive ratios were tested and the results are summarized in Table 1 .
As observed, a plasticizer/PVC ratio of about 2.0 together with 8% of the ionophore II resulted in satisfactory potential responses (membrane no. 8). A study of the influence of the nature of plasticizer on the potentiometric response characteristics was conducted by using BA, DBP and DOP and the results are given in Table 1 and Figure 2 . As is obvious, the sensitivity of the membrane electrode is strongly affected by the nature of plasticizer, this is due to the influence of plasticizer on the dielectric constant of the membrane phase, the mobility of the ionophore molecules and the state of ligand. [14] [15] [16] Among three different plasticizers employed, the use of DBP resulted in the Nernstian behavior of the electrode over a wide concentration range.
It is well known that the incorporation of lipophilic additives can significantly influence the performance characteristics of membrane electrodes. [17] [18] [19] The presence of additives not only improves the response behavior and selectivity, but also may catalyze the exchange kinetics at sample-membrane interface. 20, 21 In the present study, we examined NaTPB and KTpCIPB as suitable lipophilic additives in conjunction with ionophore II in the preparation of thallium(I) ion-selective electrode. As is obvious from Table 1 , the use of 4% KTpCIB significantly improves the sensitivity of the membrane electrode. As it is obvious from Table 1 , the membrane obtained with the PVC/DBP/II/ KTpCIPB ratio of 30%/58%/8%/4% (membrane 8) displays a nice Nernstian slope of 59 mV decad −1 over a wide thallium(I) concentration range.
The influence of the concentration of the internal solution on the potential response of the membrane electrode was also checked. The TlCl concentration was changed from 1. The static response time of the electrode, tested by measuring the time required to achieve a steady potential (within ± 1 mV), was about 10 s and was sustained for at least 5 min over the entire concentration range. The detection system was very stable, and the calibration slope did not change over a period of two weeks. The standard deviation of 10 identical measurements with 10 electrodes at several concentrations of thallium ion was found to be in the range of ≤ 0.8 mV.
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The EMF response of the proposed thallium ion electrode (prepared under optimal membrane ingredients) indicates a rectilinear range from 1.0 × 10 −1 to 1.0 × 10 −5 M (Fig. 4) . The slope of the calibration curves was 59.8 ± 0.2 mV/ decade of thallium ion concentration. The limit of detection, as determined from the intersection of the two extrapolated segments of the calibration graph, was 5.0 × 10 −6 M. The standard deviation of ten replicate measurements (10 −3 M of thallium ion) was 0.6 mV.
The pH dependence of the membrane electrode was tested over a pH range 2.0-10.0 at a 1.0 × 10 −4 M of thallium ion concentration. The potential was found to stay fairly constant in the pH range 2.0-10.0. Beyond this range, a gradual change in potential was detected. The observed decreased potential drift at higher pH values could be due to the formation of some hydroxy complexes of thallium ion in solution (Fig. 5) .
Perhaps the most important characteristic of an ionselective membrane electrode is its relative proclivity to respond to the primary ion over other ions present in solution, which is usually expressed in terms of the potentiometric selectivity coefficient (K Sel ). In this study, the matched potential method 22 was used to determine selectivity coefficients. According to this method, a specific activity (concentration) of primary ions (A=1.0 × 10 −5 M of thallium ion) is added to a reference solution (5.0 × 10 −6 M of thallium ion) and the potential is measured. In a separate experiment, interfering ions (B=1.0 × 10 −4 -1.0 × 10 −1 M) were added to an identical reference solution, until the measured potential matched the one obtained by adding primary ions. The matched potential method selectivity coefficient, K MPM , is given by the resulting primary ion to interfering ion activity (concentration) ratio, K A.B = a A /a B .
The resulting values are listed in Table 2 . From the data given in Table 2 , it is immediately obvious that the proposed thallium ion electrode is highly selective with respect to the other cations.
In Table 3 , the major interfering ions of the proposed electrode are compared (a gross relative comparison) with the best of the reported thallium ion selective membrane , using the proposed membrane electrode as an indicator electrode.
electrodes. As can be seen, the proposed electrode in terms of selectivity coefficient is superior to all of the thallium ionselective electrodes reported in the literature. [7] [8] [9] [10] The proposed thallium ion-selective electrode was found to work well under laboratory conditions. This electrode was used as an indicator electrode in the titration of thallium(I) with K 2 S, and the resulting titration curve is shown in Figure  6 . As seen, the amount of thallium(I) ions in solution can be determined with this electrode.
